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ABSTRACT
The success of primordial nucleosynthesis has been limited by the long-standing Lithium problem. We use a self-consistent per-
turbative analysis of the effects of relevant theoretical parameters on primordial nucleosynthesis, including variations of nature’s
fundamental constants, to explore the problem and its possible solutions, in the context of the latest observations and theoretical
modeling. We quantify the amount of depletion needed to solve the Lithium problem, and show that transport processes of chemical
elements in stars are able to account for it. Specifically, the combination of atomic diffusion, rotation and penetrative convection
allows us to reproduce the lithium surface abundances of Population II stars, starting from the primordial Lithium abundance. We also
show that even with this depletion factor there is a preference for a value of the fine-structure constant at this epoch that is larger than
the current laboratory one by a few parts per million of relative variation, at the two to three standard deviations level of statistical
significance. This preference is driven by the recently noticed discrepancy between the best-fit values for the baryon-to-photon ratio
(or equivalently the Deuterium abundance) inferred from cosmic microwave background and primordial nucleosynthesis analyses,
and is largely insensitive to the Helium-4 abundance. We thus conclude that the Lithium problem most likely has an astrophysical
solution, while the Deuterium discrepancy provides a possible hint of new physics.
Key words. Nuclear reactions, nucleosynthesis, abundances – (Cosmology:) primordial nucleosynthesis – Stars: abundances – Stars:
evolution – Cosmology: theory – Methods: statistical
1. Introduction
Big Bang Nucleosynthesis (henceforth BBN) is a cornerstone of
the standard particle cosmology paradigm, and a sensitive probe
of physics beyond the standard model (Steigman 2007; Iocco
et al. 2009; Pitrou et al. 2018). Nevertheless, its success is limited
by the well-known Lithium problem, wherein the theoretically
expected abundance of Lithium-7 (given our present knowledge
of astrophysics, nuclear and particle physics) exceeds the ob-
served one by a factor of about 3.5 (Zyla et al. 2020). Although
there have been many attempts to solve the problem, there is no
clear known solution. Further discussion of these solutions can
be found in Fields (2011), Mathews et al. (2020) and the BBN
section of the latest Particle Data Group (henceforth PDG) re-
view by Zyla et al. (2020).
Recent progress in experimental measurements of the re-
quired nuclear cross-sections has all but excluded the possibil-
ity of nuclear physics systematics (Iliadis & Coc 2020; Mossa
et al. 2020). On the astrophysics side, some degree of lithium
depletion can occur in stars due to the mixing of the outer layers
with the hotter interior (Sbordone et al. 2010), and some authors
have suggested that a depletion by factor as large as 1.8 may
have occurred (Ryan et al. 2000; Korn et al. 2006). It has been
argued that this scenario might be difficult to reconcile with the
existence of extremely iron-poor dwarf stars with lithium abun-
dances very close to the Spite plateau (Aguado et al. 2019), but
there is no consensus on this point. Finally, the Lithium prob-
lem could also point to new physics beyond the standard model;
one such possibility is the variation of nature’s fundamental con-
stants, which is unavoidable in many extensions of the stan-
dard particle physics and cosmological models (Damour et al.
2002)—a recent review of the topic is Martins (2017). This pos-
sibility has been recently revisited in Clara & Martins (2020)
and Martins (2021) (henceforth Paper 1 and Paper 2, respec-
tively), who show that there is a preference for a value of the
fine-structure constant, α, at the BBN epoch that is larger than
the current laboratory one by a few parts per million of rela-
tive variation, even when allowing for possible changes to the
most relevant cosmological parameters impacting BBN: the neu-
tron lifetime, the number of neutrino species, the and baryon-to-
photon ratio.
Stars are formed with an initial chemical composition repre-
sentative of their birth environment. During their evolution, this
chemical composition is modified by several processes, namely
nuclear reactions and transport processes. Nuclear reactions af-
fect the abundance profiles of some elements in the central re-
gion of stars, increasing or decreasing their abundances. Trans-
port processes of chemical elements modify the elements distri-
bution in the whole star. There are macroscopic transport pro-
cesses as, for example, convection, which efficiently transports
chemical elements and leads to an homogenized chemical com-
position in the convective zone. Other macroscopic transport
processes are less efficient and reduce the potential internal gra-
dient of chemical composition while transporting them deeper
in stars (i.e. transport induced by the rotation: e.g. Palacios et al.
2003; Talon 2008; Maeder 2009, and references therein, ther-
mohaline convection: e.g. Vauclair 2004; Denissenkov 2010;
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Brown et al. 2013; Deal et al. 2016, and references therein).
These macroscopic transport processes are in competition with
microscopic transport processes, namely atomic diffusion (see
Michaud et al. 2015, for a detailed description). This comes from
physics first principles and is induced by the internal gradients of
pressure, temperature and composition. It is efficient in radiative
zones and leads to a selective transport of chemical elements,
mainly driven by the competition between the gravity and radia-
tive accelerations. Gravity moves elements towards the center
of stars while radiative accelerations, a mechanism for transfer
of momentum between photons and ions, move some elements
toward the surface of stars (depending on their ionisation states
and abundances). As a consequence, the surface abundance of el-
ements are either larger or smaller than the initial ones. Consid-
ering all the potential processes affecting the chemical elements
distribution in stars, it is expected that observed surface abun-
dances are often different from the initial ones, especially on the
main sequence where the surface convective zones are not too
deep to allow surface abundance variations.
Light elements (such as lithium and beryllium) are especially
impacted by transport processes during the evolution of stars.
Atomic diffusion leads to a depletion of these elements from the
surface (radiative accelerations are most of the time negligible
for these elements). Moreover, these elements are destroyed by
nuclear reactions at rather low temperatures (about 2.5 and 3.5
million K for lithium and beryllium, respectively), not very deep
inside stars. When macroscopic transport processes are efficient
enough and affect deep regions, lithium is then transported in
regions where the temperature is large enough to be destroyed
by nuclear reactions. The combination of both atomic diffusion
and macroscopic transport processes is expected to lead to a dis-
cernible depletion of lithium from the surface, hence to lithium-
7 surface abundances smaller than the initial one (e.g. Vauclair
1988; Charbonnel et al. 1994; Korn et al. 2006; Korn et al. 2007;
Gruyters et al. 2013, 2016; Dumont et al. 2020).
Population II stars are not an exception and undergo the same
kind of depletion thanks to the same processes (e.g. Michaud
et al. 1984; Richard et al. 2005). This is the reason why the
lithium-7 surface abundances observed in population II stars
(known as the Spite plateau, Spite & Spite 1982) are most likely
not the initial ones, hence the discrepancy with a larger cosmo-
logical lithium-7 abundance (from BBN). It is interesting to note
that a lot of stars are found to have a lithium abundance smaller
than the lithium plateau (Bonifacio et al. 2007; Cayrel et al.
2008; Sbordone et al. 2010), which can also be explained by
stellar models, for example, in the case of carbon enhanced metal
poor stars with excess in s process elements (CEMP-s stars) (e.g.
Stancliffe 2009; Deal et al. 2021).
Here we draw on the self-consistent perturbative analysis for-
malism introduced in Paper 1 and extended in Paper 2 to revisit
the role of stellar depletion in the Lithium problem, while si-
multaneously allowing for time variation of nature’s fundamen-
tal constants, in a broad class of Grand Unified theory (GUT)
scenarios where all the gauge and Yukawa couplings are allowed
to vary. It will be seen that the impacts of the two mechanisms
can be separately constrained. We will start by assuming that the
there is a depletion factor relating the cosmological and astro-
physical lithium-7 abundances
(7Li)ast = (1 − ∆)(7Li)cos . (1)
Throughout our statistical analyses ∆ is allowed to span the en-
tire [0, 1] range, under the assumption of a uniform prior. Clearly
this is a purely phenomenological parameter, and given any pair
or cosmological and astrophysical lithium abundances, for which
the former is larger than the latter, there will always be a choice
of ∆ that makes the two compatible. In this sense, the observed
lithium-7 abundance simply provides a measurement of ∆. How-
ever, the hypothesis underlying this assumption is that there exist
stellar physics mechanisms and/or physical transport processes
occurring in stars that can account for the the relevant value of
∆. Thus our purpose in introducing Eq. (1) is twofold. Firstly,
it will allow us to quantify the impact of astrophysical deple-
tion in models which also allow for new physics mechanisms
(specifically, in the present work, through varying fundamental
constants), thereby comparing the possible roles of the two. Sec-
ondly, it provides a convenient way to assess the extent to which
stellar physics mechanisms could lead to depletion.
Following the approach of Paper 1 and Paper 2, we have done
our statistical likelihood analyses using three different combina-
tions of the four abundances, as follows
– The baseline case uses the abundances of helium-4, deu-
terium and lithium-7, which are the three available cosmo-
logical abundances. This will providing the reference values
for the best-fit BBN values for α.
– The extended case adds the helium-3 abundance to the for-
mer three; this separation stems from the fact that its ob-
served abundance is a local rather than a cosmological one.
In any case, as was pointed out in Paper 1 and Paper 2, this
has a negligibly small impact on the derived constraints.
– The null case, which uses the helium-4, deuterium and
helium-3 abundances but does not use lithium-7. The moti-
vation for this case is that it provides a useful null test of the
BBN sensitivity to the value of the fine-structure constant. In
other words, if all the relevant physics is the standard one, it
is expected that the standard value of α is recovered in this
case to some degree of sensitivity that is useful to quantify
and compare to other probes, It also provides an indication of
the BBN constraints on α on the assumption that the Lithium
problem has an astrophysical solution.
For convenience, we will use the Baseline, Extended and Null
terms to denote each of the three combinations when presenting
the results in figures in the early part of the work. (This facili-
tates comparisons with the results in Paper 1 and Paper 2.) In the
later part, and when summarizing results in the text and tables
throughout the work, we will concentrate on the Baseline case,
with Null case results provided for comparison when relevant.
The plan of the rest of this work is as follows. We start
in Sect. 2 by phenomenologically quantifying the preferred
depletion factor ∆ assuming that the three key cosmologi-
cal parameters—the neutron lifetime, number of neutrinos and
baryon-to-photon ratio—are allowed to vary, but constrained by
priors external to BBN. In Sect. 3, we report on the analogous
study for GUT scenarios where all the gauge and Yukawa cou-
plings are allowed to vary, confirming the previously reported
preference for a larger value of α at the BBN epoch. In this case
the baryon-to-photon ratio and number of neutrinos are assumed
to be fixed at their standard values, while the neutron lifetime is
unavoidably affected. Together, these two sections confirm a dis-
crepancy in the values of the baryon-to-photon ratio—or equiva-
lently the primordial Deuterium abundance—preferred by BBN
and cosmic microwave background (CMB) plus baryon acoustic
oscillation (BAO) data, which has been recently reported (Pitrou
et al. 2021; Yeh et al. 2021). In Sect. 4 we address the Lithium
problem, showing that the combination of atomic diffusion, ro-
tation and penetrative convection can bridge the gap between the
cosmological abundance and the surface abundances measured
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Table 1. Theoretical and observed primordial abundances used in our
analysis. The theoretical ones have been obtained in Pitrou et al. (2021).
The observed ones are the recommended values in the 2020 Particle
Data Group BBN review, with representative references being, respec-
tively, Aver et al. (2015), Cooke et al. (2018), Bania et al. (2002) and
Sbordone et al. (2010). Note that strictly speaking the 3He value is not
cosmological; see the main text for further discussion.
Abundance Theoretical Observed
Yp 0.24721 ± 0.00014 0.245 ± 0.003
(D/H) × 105 2.439 ± 0.037 2.547 ± 0.025
(3He/H) × 105 1.039 ± 0.014 1.1 ± 0.2
(7Li/H) × 1010 5.464 ± 0.220 1.6 ± 0.3
in Population II stars. In Sect. 5 we address the Deuterium dis-
crepancy, showing that it (and not the Lithium problem) is driv-
ing the aforementioned preference for a larger value of α and
further quantifying the model dependence of this preference. Fi-
nally, we offer some conclusions in Sect. 6.
2. Depletion and cosmological parameters
Generically, the sensitivity of the primordial BBN abundances to










where Ci j = ∂ ln (Yi)/∂ ln (X j) are the sensitivity coefficients.
The perturbation is always done with respect to the predicted
abundance values in some baseline theoretical model, which in
our case is the one recently presented in Pitrou et al. (2021).
These predicted abundances are listed in Table 1 for conve-
nience, together with the observed abundances as recommended
by the BBN review in Zyla et al. (2020). The two are compared
using standard statistical likelihood methods, and theoretical and
observational uncertainties being added in quadrature. We note
that our fiducial model differs from the one used in Paper 1 and
Paper 2, which was based on the earlier work of Pitrou et al.
(2018). Therefore our present results can be approximately (but
not exactly) compared with those of the earlier papers.
In this section we consider the effect of the values of the
neutron lifetime τn, the number of neutrino species Nν, and the
baryon-to-photon ratio η10 (where, for convenience, we have de-
fined η10 = η×1010) on the BBN abundances. The fiducial values
of these parameters (which will be used as statistical Gaussian
priors in the analysis) are, respectively
τn = 879.4 ± 0.6 s (3)
for the neutron lifetime (Zyla et al. 2020) (see also Rajan & De-
sai (2020) for a recent discussion of experimental measurements
of this lifetime),
Nν = 2.984 ± 0.008 (4)
for the number of neutrino species, which comes from the LEP
measurement (Zyla et al. 2020), and
η10 = 6.143 ± 0.038 , (5)
from the combination of recent CMB (Planck 2018) and BAO
data (Aghanim et al. 2020). For reference, the latter corresponds
to the physical baryon density
ωb = Ωbh2 =
η10
274
= 0.02242 ± 0.00014 . (6)
Table 2. Sensitivity coefficients of BBN nuclide abundances on the cos-
mological parameters in our phenomenological parametrisation, defined
in the main text.
Ci j D 3He 4He 7Li
ti +0.442 +0.141 +0.732 +0.438
vi +0.409 +0.136 +0.164 -0.277
wi -1.65 -0.567 +0.039 +2.08
With these assumptions our perturbative analysis for the













where ti, vi and wi are the sensitivity coefficients listed in Table
2 and previously discussed in Paper 2 and references therein.
Note that Deuterium is far more sensitive to the baryon fraction
than to the neutron lifetime or the number of neutrinos, while
the opposite occurs for Helium-4. Additionally, we will make
the assumption that the cosmological and astrophysical lithium-
7 abundances are related through Eq. (1), so the depletion factor
∆ becomes a fourth model parameter, together with the relative
variations of the three cosmological parameters.
The results of the analysis are depicted in Figure 1. The best-
fit values of our free parameters (with their one standard devia-
tion uncertainties) in the Baseline case are
∆τn
τn
= 0.0000 ± 0.0007 (8)
∆Nν
Nν
= 0.0004 ± 0.0022 (9)
∆η10
η10
= −0.0082 ± 0.0050 (10)
∆ = 0.70 ± 0.07 ; (11)
in the Null case the first three of these are the same, while ∆ is
obviously not constrained. (On the other hand, if one assumes
that τn, Nν and η10 are fixed at their fiducial values rather than
allowed to vary and marginalized, one finds ∆ = 0.71 ± 0.07.)
These lead to the following best fit theoretical abundances
Yp = 0.247 ± 0.001 (12)
(D/H) × 105 = 2.474 ± 0.043 (13)
(3He/H) × 105 = 1.044 ± 0.015 (14)
(7Li/H) × 1010(Cos) = 5.370 ± 0.224 (15)
(7Li/H) × 1010(Ast) = 1.611 ± 0.387 ; (16)
(17)
for lithium-7 we separately list the cosmological (primordial)
abundance, and the corresponding astrophysical one, corrected
by the preferred seventy percent depletion. We confirm the re-
sult, already mentioned by Pitrou et al. (2021), that with the lat-
est nuclear physics cross sections and observed abundances the
BBN observations prefer a slightly lower η10 than the one mea-
sured by the combination of CMB and BAO observations. Alter-
natively, this can be phrased as as discrepancy in the Deuterium
abundance. On the other hand, different reaction rates are used
in Yeh et al. (2021) and in Pisanti et al. (2021), which find no
such discrepancy. In any case, as illustrated in Figure 1, the dis-
crepancy is only slightly larger than one standard deviation, so
its statistical significance is limited. We revisit this point later in
this work.
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Fig. 1. BBN constraints on the lithium-7 phenomenological depletion factor and key cosmological parameters, with remaining parameters
marginalized in each case. The one-sigma range corresponding to the priors on cosmological parameters mentioned in the text are also shown
for illustration purposes. The two-dimensional planes depict the 68.3, 95.4 and 99.7 percent confidence levels.
3. Depletion and Varying fundamental constants
The approach introduced Paper 1 and Paper 2 to study BBN
with varying fundamental constants is also a perturbative one.
It builds upon earlier work by Muller et al. (2004) and Flam-
baum & Wiringa (2007) and subsequent developments by Coc
et al. (2007) and Dent et al. (2007), to generically write the rel-
ative variations of other couplings as the product of some con-
stant particle physics coefficients and the relative variation of
the fine-structure constant. With some reasonable simplifying
assumptions, which stem from the work of Campbell & Olive
(1995), only two such dimensionless coefficients are needed, one
pertaining to electroweak physics (denoted S ) and the other to
strong interactions (denoted R). This enables a phenomenologi-
cal description of a broad range of GUT scenarios. We refer the
reader to Paper 1 and Paper 2 for a more detailed description of
this formalism. In what follows, astrophysical constraints on α








where α0 = 0.0072973525693(11) is the local laboratory value.
Under these assumptions, the sensitivity of the primordial
BBN abundances to the values of the fundamental constants will
therefore be expressed as a function of the phenomenological
particle physics parameters R and S and the relative variation of
α, in other words
∆Yi
Yi




Table 3. Sensitivity coefficients of BBN nuclide abundances on the
free unification parameters of our phenomenological parametrisation of
GUT scenarios, defined in the main text. The baryon-to-photon ratio and
number of neutrinos are assumed to be fixed at their standard values.
Ci j D 3He 4He 7Li
xi +42.0 +1.27 -4.6 -166.6
yi +39.2 +0.72 -5.0 -151.6
zi +36.6 -89.5 +14.6 -200.9
the corresponding sensitivity coefficients are listed in Table 3.
Note that the baryon-to-photon ratio and number of neutrinos are
assumed to be fixed at their standard values. On the other hand








but this effect has been included in the computation of these sen-
sitivity coefficients, so the neutron lifetime does not appear as
an explicit parameter. We refer the reader to Paper 2 for a more
detailed discussion.
The phenomenological parameters R and S can in principle
be taken as free parameters, to be experimentally or observation-
ally constrained. Our current knowledge of particle physics and
unification scenarios suggests that their absolute values can be
anything from order unity to several hundreds, with R allowed
to be positive or negative (though with the former case being the
more likely one), while S is expected to be non-negative.
Article number, page 4 of 13
Deal & Martins: Primordial Nucleosynthesis with Varying Fundamental Constants
Table 4. Constraints on ∆α/α, in the Baseline and Null scenarios, for
the Unification, Dilaton and Clocks models, as reported in Paper 1
(Clara & Martins 2020) and Paper 2 (Martins 2021). The listed val-
ues are in ppm, and correspond to the best fit in each case and to the
range of values within ∆χ2 = 4 of it. Note that the fiducial model used
in these papers is not the same as the one used in the present work, and
that the full parameter space was different in the two papers.
Scenarios Unification Dilaton Clocks
Paper 1 (Baseline) 12.5 ± 2.9 19.9 ± 4.5 2.2+15.6
−0.6
Paper 1 (Null) 4.6 ± 3.8 5.8 ± 6.5 1.0+7.1
−0.9
Paper 2 (Baseline) 16.1 ± 3.9 22.6 ± 5.5 2.5+3.5
−0.5
Paper 2 (Null) 4.6 ± 5.5 3.7 ± 8.4 0.8+1.5
−0.6
The analysis of Paper 1 and Paper 2 has identified three mod-
els that can provide a solution to the Lithium problem (at least
in the sense of making all theoretical and observed abundances
agree to within three standard deviations or less) for the best-
fit values of ∆α/α listed in Table 4. Note that the fiducial model
used in these papers is not the same as the one used in the present
work, and that the full parameter space was different in the two
papers.
The first of these is a ‘typical’ unification scenario, for which
one has (Coc et al. 2007; Langacker et al. 2002)
R ∼ 36 , S ∼ 160 ; (21)
we refer to this as the Unification model. The second is the
dilaton-type model discussed by Nakashima et al. (2010), for
which
R ∼ 109.4 , S ∼ 0 ; (22)
we refer to this as the Dilaton model. Finally the Clocks model
denotes the general case where the parameters R and S are al-
lowed to vary and are then marginalised, in this case with uni-
form priors in the range R = [0,+500], S = [0,+1000], to-
gether with an additional prior coming from local experiments
with atomic clocks (Ferreira et al. 2012)
(1 + S ) − 2.7R = −5 ± 15 . (23)
This is therefore a more phenomenological model than the previ-
ous two (and has a larger number of free parameters than them),
but serves the purpose of illustrating the range of behaviours that
might be found in GUT models—although we should mention
that, unsurprisingly, the results in this case will also depend on
the choice of priors for R and S . This last point has been dis-
cussed in Paper 1.
We now repeat the statistical likelihood analysis, allowing
for both a variation of fundamental couplings and lithium-7 de-
pletion, for these three models. In this section we assume that
the values of the number of neutrino species and the baryon-
to-photon ratio are fixed at their standard fiducial values, but
the neutron lifetime is implicitly allowed to vary, as pointed out
above. The results of this analysis are depicted in Figure 2 and
also summarized in Table 5 for the Baseline case; naturally, in
the Null case the depletion fraction is unconstrained, but for
comparison we also list the value of ∆α/α in that case.
The observed BBN abundances allow the separate quantifi-
cation of the role of both effects. We see that the preferred value
of the depletion parameter decreases with respect to the one ob-
tained with the standard value of α in Section 2, by about one
standard deviation. Moreover, there is still a preference for a pos-
itive value of ∆α/α. Comparison with Table 4 shows that for the
Unification and Dilaton models both the best-fit values and the
statistical significance of the preference for the Baseline case are
decreased with respect to the values found in Paper 1 and Pa-
per 2, while for the Null case they are slightly increased. On the
other hand, for the Clocks model the best-fit value for α is in
agreement with the one found in Paper 1 and Paper 2 in both the
Null and the Baseline cases. In this case the effect of the addi-
tional depletion mechanism is manifest in the best-fit values for
the phenomenological particle physics parameters R and S . Here
we find
R = 15+15−7 , S = 35
+30
−16 , (24)
whereas in Paper 2 the best-fit values were
R = 40+30−10 , S = 100 ± 30 . (25)
Note that although R and S are independent parameters in
the likelihood analysis, the local prior from atomic clock
experiments—cf. Equation (23)—effectively correlates them.
The difference between the two sets of values reflects the fact
that in Paper 2 there was no allowance for a depletion factor
(effectively, ∆ = 0 was used). Moreover, bearing in mind the
aforementioned slight reduction of the depletion factor when a
non-standard value of α is allowed, it also shows that although
a value of ∆α/α > 0 does alleviate the lithium problem, it does
not completely solve it. Instead, a significant depletion factor is
still statistically preferred.
The more noteworthy aspect is that, unlike the results of Pa-
per 1 and Paper 2, the preferred values for ∆α/α are almost iden-
tical in the Baseline and Null cases, meaning that the prefer-
ence for a positive value of ∆α/α is not driven by the lithium-7
problem. In other words, even without including lithium-7 in the
analysis, there is a mild statistical preference for a variation of
∆α/α at the few parts-per-million level. Instead, it is driven by
the small discrepancy, already mentioned in the previous section,
between the baryon-to-photon ratios inferred from BBN and the
corresponding CMB value; in other words, it is driven by the
helium-4 and deuterium data. We note that within the standard
paradigm the baryon-to-photon ratio is a constant, having the
same value at the BBN and CMB epochs; a different value at the
two epochs necessarily implies the presence of new physics.
When adding lithium-7 to the analysis without allowing for
the possibility of a depletion mechanism (as was done in Paper 1
and Paper 2) the preferred value of ∆α/α increases very signifi-
cantly with respect to the Null case, since a larger value of α is
needed solve the lithium problem per se. On the other hand, if a
depletion mechanism is allowed (as in the present work) then this
mechanism provides the dominant contribution to address the
lithium problem, and the value of ∆α/α is very slightly changed
with the respect to the null case. Nevertheless the inclusion of
∆α/α is still significant, which is manifest in the fact that the
preferred depletion fraction changes with respect to the case dis-
cussed in the previous section by about one standard deviation.
A summary plot of the standard theoretical and observed
abundances, together with those predicted for the best-fit val-
ues of the various models discussed both in Section 2 and in the
present one, can be found in Figure 3.
It is interesting to note that although the Unification and
Dilaton models lead to very similar lithium-7 abundances (a con-
sequence of the fact that this nuclide drives the statistical anal-
ysis), they lead to significantly different ones for the other nu-
cildes, especially helium-4 and helium-3. Specifically, the Dila-
ton model leads to a significantly higher helium-4 abundance
and a significantly lower helium-3 abundance, as compared to
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Fig. 2. BBN constraints on the fine-structure constant and the lithium-7 phenomenological depletion factor, with remaining parameters marginal-
ized in each case. The two-dimensional planes depict the 68.3, 95.4 and 99.7 percent confidence levels. Panels in the first, second and third rows
correspond to the Unification, Dilaton and Clocks models.
Table 5. Constraints on ∆α/α and ∆ for the Unification, Dilaton and Clocks models (with the range of values within ∆χ2 = 1 of it, corresponding
to the 68.3% confidence level for a Gaussian posterior likelihood), together with the derived nuclide abundances for each of the best-fit models.
For lithium-7 we separately list the cosmological (primordial) abundance, and the corresponding astrophysical one, corrected by the preferred
depletion. The results are for the Baseline scenario, with the exception of the first row, which shows the value of ∆α/α in the Null case for
comparison.
Parameter Unification Dilaton Clocks
∆α
α
(ppm), Null 5.8 ± 2.0 7.3 ± 3.3 2.2+2.40.8
∆α
α
(ppm), Baseline 6.0 ± 2.0 8.0 ± 3.4 2.2+2.40.8
∆ 0.64 ± 0.09 0.65 ± 0.09 0.64 ± 0.09
Yp 0.247 ± 0.001 0.249 ± 0.001 0.247 ± 0.002
(D/H) × 105 2.55 ± 0.05 2.52 ± 0.05 2.45 ± 0.07
(3He/H) × 105 1.02 ± 0.02 0.96 ± 0.04 1.04 ± 0.07
(7Li/H) × 1010 (Cos) 4.42 ± 0.25 4.51 ± 0.24 5.36 ± 0.26
(7Li/H) × 1010 (Ast) 1.59 ± 0.52 1.58 ± 0.52 1.92 ± 0.60
the Unification model. This is due to the fact that in the Dilaton
model, where R is comparatively large, there are large positive
and negative sensitivity coefficients, respectively for helium-4
and helium-3. The comparison between the three models also
confirms the well-known result that, for the observationally rel-
evant ratios of the baryon-to-photon ratio, the deuterium and
lithium-7 abundances are anticorrelated (Olive et al. 2012; Coc
et al. 2015), so a reduction of the latter abundance leads to an
increase of the former. Similarly, one can notice an anticorrela-
tion between the helium-4 and helium-3 abundances, highlight-
ing the fact that an accurate determination of the primordial cos-
mological abundance would provide a sensitive consistency test
of BBN.
4. Stellar depletion and the Lithium problem
In this section we assess how realistic is the depletion factor ∆,
determined in the previous Section, according to stellar evolu-
tion theory. We compare ∆ to predicted lithium-7 depletion in
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Fig. 3. Graphical comparison of the data in Tables 1 and 5 for each of the four nuclides. In each panel the black points are the standard theoretical
values of Pitrou et al. (2021), while the red points are the observed abundances; both of these are listed in Table 1. The magenta points show
the best-fit depletion-only model discussed in Section 2, while the green, cyan, and blue points are the best-fit in the Unification, Dilaton, and
Clocks cases discussed in Table 5. One sigma uncertainties have been depicted in all cases. The lithium-7 panel depicts both the cosmological and
astrophysical (depleted) abundances; the latter, as well as the helium-3 observed abundance are shown with dotted error bars to indicate that they
are not cosmological.
stellar models, including different transport processes of chemi-
cal elements.
4.1. Input physics of the stellar models
The depletion of lithium that occurs during the evolution of Pop-
ulation II stars is predicted using the Montreal/Montpellier stel-
lar evolution code (Turcotte et al. 1998b) and Code d’Evolution
Stellaire Adatpatif et Modulaire (CESTAM, the "T" stands for
Transport: Morel & Lebreton 2008, Marques et al. 2013, Deal
et al. 2018). We used two stellar evolution codes firstly for con-
firmation of the results, and secondly because they do not in-
clude the same transport processes of chemical elements. The
Montréal/Montpellier code has already been used to model Pop-
ulation II stars, and especially lithium surface abundances, in-
cluding detailed atomic diffusion calculations (e.g. Richard et al.
2005). The CESTAM evolution code also includes atomic diffu-
sion (with independent formalisms, see Deal et al. 2018 for more
details) and is able to model the effect of rotation (Marques et al.
2013).
Our Montréal/Montpellier models have the same input
physics as the ones used by Deal et al. (2021) without accretion.
CESTAM models are computed with the same input physics as
in Deal et al. (2020), except for the mixing length parameter set
to αCGM = 0.69 following the Canuto et al. (1996) formalism.
The opacity tables are the OP table at fixed chemical composi-
tion and not the monochromatic ones (OPCDv3.3, Seaton 2005).
We tested that with the additional transport processes included in
the models, the abundance variation are not sufficient to modify
the internal structure (especially the size of the surface convec-
tive zone). Using simpler opacity tables has then a negligible im-
pact of the lithium surface abundance in the specific framework
of this study1. No core overshoot is taken into account and the
initial chemical composition is the one of Montréal/Montpellier
models ([Fe/H]ini = −2.31 dex). Considering a wider range of
initial chemical composition would not affect the conclusion of
this work, because at these low metallicities the structure vari-
ations are small (especially the size of the surface convective
zone, which is important for lithium surface abundances varia-
tions, see e.g. Richard et al. 2002). It should be noticed that, with
such models, there is no extra depletion/dispersion for the lower
metallicities, as it has been observed (Sbordone et al. 2010). The
mechanism to explain this behavior is still unknown. The models
1 Such an approximation of the opacity calculation in presence of
transport of chemical elements is not valid in most cases (e.g. Turcotte
et al. 1998a; Richard et al. 2001; Théado et al. 2009; Deal et al. 2016,
2018).
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are computed with masses between 0.55 and 0.78 M. All mod-
els are on the main sequence at 12.5 Gyr and cover a range of
effective temperature [5000,6500] K, typical of observed main-
sequence Population II stars. The physics of all models is pre-
sented in Table 6.
4.2. Transport processes of chemical elements
We computed stellar models including different transport
processes of chemical elements. In particular, they all affect the
transport of lithium-7 and therefore play a role in the lithium
depletion. Most of the processes considered in this study were
extensively described by Dumont et al. (2020), and references
therein. In the following, we briefly describe the impact of the
processes on lithium depletion and the prescriptions we use in
the stellar models. As the aim of this section is to show that the
∆ depletion factor can be explained by stellar physics, we only
included simple modelling approaches for some of the processes
addressed below. Including more realistic modelling is the next
natural step of this study.
Convection:
All models include convection using the Schwarzschild
criterion. In convective zones, the transport of chemical el-
ements is very efficient and fully homogenizes the chemical
composition. If the bottom part of the convective zone has a
temperature close to or larger than the temperature at which
lithium is destroyed by proton capture (∼ 2.5 × 106 K), lithium
is efficiently depleted. Convective boundaries are defined by
the Schwarzschild criterion (Schwarzschild 1958) (or Ledoux
criterion, Ledoux 1947) in stellar models. It has been shown
than convective plumes can penetrate the radiative zone and then
extend the mixing of chemical elements beyond the standard
convection criteria (e.g. Zahn 1991; Baraffe et al. 2017). If
this extension of the mixing reaches the region where lithium
is destroyed by proton capture, this will also lead to lithium
depletion. For the models in this study, we include a simple
constant step extension of the surface convective zone αovi in
pressure scale height units (Hp). More sophisticated approach
exist (see Dumont et al. 2020, for an overview).
Atomic diffusion:
All models also include atomic diffusion, which is a selective
microscopic transport process. It occurs in every star and it the
consequence of the internal gradients of pressure, temperature
and concentration (Michaud et al. 2015). It is efficient in
radiative zones. This is mainly the competition between gravity,
which makes elements move toward the center of stars, and
radiative acceleration, which makes elements move toward
the surface of stars. For the stellar models used in this study,
radiative acceleration on lithium is negligible. The transport of
lithium by atomic diffusion is dominated by the gravitational
settling.
Parametrized turbulent diffusion coefficient:
Atomic diffusion alone cannot explain the lithium surface
abundance of star. There is a need to include competing transport
processes. It is possible to account for them using a parametrized
turbulent diffusion coefficient. Such a coefficient was already
used and calibrated to reproduce the lithium surface abundance
in Population II stars (Richard et al. 2005; Deal et al. 2021) and
in clusters (e.g. Gruyters et al. 2013, 2016; Korn et al. 2007).
The turbulent diffusion coefficient is expressed as:






where T0 is a reference temperature. DHe(T0) is the diffusion co-
efficient of helium at the reference point2, ρ the local density and
ρ(T0) the density at the reference point. The only free parameter
of this parametrization is T0. The way this parametrization
is made, the transport of chemical elements is very efficient
for internal temperatures smaller than T0 (i.e. the chemical
composition is homogenized from the surface down to T0). For
temperatures larger than T0 the mixing decreases rapidly as a
function of ρ−3. The larger is T0, the deeper goes the efficient
mixing region.
Rotational-induced mixing:
The transport of chemical elements induced by rotation is
one of the processes in competition with atomic diffusion. It
has an important impact on chemical elements and especially
on lithium (e.g. Charbonnel & Talon 1999; Talon 2008; Dumont
et al. 2020). Rotational-induced mixing is mainly driven by the
shear instability and the meridional circulation. The differences
between the models of this study and the ones of Deal et al.
(2020) are the horizontal diffusion coefficient (Dh, from Mathis
et al. 2018) and an additional vertical viscosity νv = 108 cm2s−1
as calibrated by Ouazzani et al. (2019) to take into account the
fact that the current rotation theory underestimates the transport
of angular momentum. We also tested smaller values of νv. All
models including rotation have a rotation speed at the ZAMS
vZAMS = 15 km.−1. See Marques et al. (2013) for a detailed de-
scription of the modelling of rotation in CESTAM.
4.3. Parametrized turbulent transport and atomic diffusion
We first estimate the required transport of chemical elements to
explain the ∆ depletion factor, using the parametric turbulent dif-
fusion described in Section 4.2 and atomic diffusion. This kind
of approach has already been used to study lithium surface abun-
dances of Population II stars (e.g. Richard et al. 2005; Deal et al.
2021).
The left panel of Fig. 4, shows the lithium surface abun-
dance at 12.5 Gyr in stellar models computed with the Mon-
tréal/Montpellier stellar evolution code, including atomic dif-
fusion and different parametrizations of the turbulent diffusion
coefficient (models set 1). The models are computed with an
initial primordial lithium abundance (7Li/H)×1010= 4.45, fol-
lowing the values of Table 5 for the Unification and Dilaton
models. Lithium depletion is larger for the smaller masses be-
cause of a deeper surface convective zone, i.e. close to the re-
gion where lithium is destroyed by nuclear reactions. The larger
the T0 value, the deeper the turbulent mixing, leading to stronger
depletion. The smaller the T0 value, the stronger are the effect of
atomic diffusion, i.e. the turbulent mixing is not strong enough
to balance it. This is the reason why for T0 = 1.0×106 K, the de-
pletion is larger at 0.78 than 0.65 M. We see that observations,
as well as the range of ∆ values previously determined, are well
reproduced by the models, for the whole effective temperature
range, for T0 values between 1.74 × 106 and 1.90 × 106 K.
2 The diffusion coefficient of helium can be easily calculated using
this approximate formula: DHe = 3.3 × 10−15T 2.50 /[4ρ ln(1 + 1.125 ×
10−16T 30 /ρ)]
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Table 6. Input physics of the stellar models used in this work. All sets include models at 0.55, 0.60, 0.65, 0.70, 0.75 and 0.78 M. The complete
initial chemical composition is available in the work of Deal et al. (2021).
Code Montréal/Montpellier(a) CESTAM(b)
Model set 1 2 3 4 5 6 7 8
T0 [106 K](1) 1.0, 1.32, 1.74, 1.80, 1.90, 2.24 1.60, 1.74, 1.80, 1.90 - - - - - -
vZAMS [km.−1] - - 15 15 15 15 15 15
νv,add [cm2.s−1] - - 108 0 108 108 108 108
αovi [Hp] - - - - 0.1 0.3 0.4 0.6
Opacities OPAL monochromatic(c) OP(d)
Eos CEFF(e) OPAL2005(f)









Notes. (1) Reference temperature in the expression of Dturb (see Equation 26). (a) Turcotte et al. (1998b). (b) Morel & Lebreton (2008); Marques
et al. (2013); Deal et al. (2018). (c) Iglesias & Rogers (1996), tables not public. (d) Seaton (2005). (e) Christensen-Dalsgaard & Daeppen (1992).
(f) Rogers & Nayfonov (2002). (g) Bahcall & Pinsonneault (1992). (h) Angulo (1999) + Imbriani et al. (2004) for 14N(p, γ)15O. (i) Solar calibrated
value with the Böhm-Vitense (1958) formalism. (j) Solar calibrated value with the Canuto et al. (1996) formalism, for models including atomic











































































Fig. 4. Lithium abundance according to the effective temperature for Montréal/Montpellier models (model set 1, left panel) and CESTAM models
(model set 2, right panel) at 12.5 Gyr, taking into account different T0 values for the parametrized turbulent diffusion coefficient. The corresponding
∆ values are shown on the right y-axis. The grey symbols are observed lithium abundances from Sbordone et al. (2010) (circles), Bonifacio &
Molaro (1997) (triangles) and the SAGA database (http://sagadatabase.jp/, Suda et al. 2008, 2011; Yamada et al. 2013; Suda et al. 2017) (squares).
The black square with error bars represents the standard value for the lithium plateau (Sbordone et al. 2010). The green area represents the range
of ∆ values found in Section 3.
The CESTAM models (right panel of Fig. 4, models set 2),
show similar surface abundances, with a slight shift in the T0
values and in effective temperatures. This difference comes from
the different input physics (including the equation of state, opac-
ity tables, and nuclear reaction rates) between the two stellar
evolution codes. At a given T0 value, the difference in lithium
abundance is about 10% at maximum, which will not impact the
conclusion of this study. This justifies our confidence in using
CESTAM models. In the following subsections, we will estimate
what are the possible physical processes responsible for such tur-
bulent transport.
4.4. Rotationally-induced mixing and atomic diffusion
In this section we assess whether the ∆ depletion factor is linked
to the combination of rotational induced-mixing and atomic dif-
fusion. Figure 5 shows two sets of models (sets 3 and 4) in which
the two processes are included. In one case, rotation is almost
solid (set 3, with νv,add = 108 cm2s−1) and in the other case the
internal rotation is differential using the standard theory for rota-
tion (set 4, with νv,add = 0 cm2s−1). The models with an internal
differential rotation are in very good agreement with the observa-
tions. We tested larger initial rotation speeds for the models with
quasi-solid rotation and the results are very similar. The rotation
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Fig. 5. Lithium abundance according to the effective temperature for
stellar models of sets 3 and 4 at 12.5 Gyr, taking into account different
νv,add values. Same legend as Fig. 4 for the other symbols and the green
area.
speed does not play a major role for the transport of chemicals
in this specific case.
Helio/Asteroseismology (study of oscillation of the
Sun/stars) also allows us to probe the internal rotation of stars.
It has been shown that the internal rotation of the Sun is nearly
uniform in the radiative zone at least down to R = 0.2 R (e.g.
Kosovichev 1988; García et al. 2007). Solar models accounting
for standard rotation predict a high degree of radial differential
rotation (e.g. Eggenberger et al. 2005). The same conclusions
are reached when comparing other stars for which we can access
the core rotation (e.g. Tayar & Pinsonneault 2013; Deheuvels
et al. 2014; Ouazzani et al. 2019). This indicates that among
sets 3 and 4, the more realistic models are those of set 3. This
implies that the lithium surface abundances of Population II
cannot be explained by the combined effect of atomic diffusion
and rotation. The same kind of conclusion have been previously
obtained for other types of stars (e.g. Deal et al. 2020).
4.5. Penetrative convection, rotationally-induced mixing and
atomic diffusion
In this section we assess whether the ∆ depletion factor can be
accounted for by the combination of penetrative convection, ro-
tational induced-mixing and atomic diffusion. Figure 6 shows
four sets of models (set 5, 6, 7 and 8) in which the three pro-
cesses are included. We see that the four sets cover well the range
of observed lithium surface abundances up to an effective tem-
perature of about 6000 K. The values of penetrative convection
considered in the models are consistent with what has been de-
termined for the Sun (αovi ∼ 0.37 Hp, Christensen-Dalsgaard
et al. 2011). For the hotter (more massive) stars, an additional
transport process is probably needed to reduce the lithium deple-
tion induced by atomic diffusion. It is possible that the amount of
penetrative convection is larger for the more massive stars, which
could also make the models agree better with the observation. A
more realistic treatment of this process could also improve the
agreement. Note that penetrative convection was also invoked in
an other scenario to explain lithium abundances in Population II









































Fig. 6. Lithium abundance according to the effective temperature for
stellar models of sets 5, 6, 7 and 8, all at 12.5 Gyr, taking into account
different αovi values. Same legend as Fig. 4 for the other symbols and
the green area.
4.6. A minimum astrophysical depletion?
It is interesting to note that there is a minimum depletion ob-
tained in the models presented in Section 4.5, which is around
∆min = [0.4; 0.5]. From the stellar modelling point of view, the
transport process with the more accurate modelling and lead-
ing to the smallest lithium depletion (for masses around 0.60-
0.70 M) is atomic diffusion. The efficiency of atomic diffusion
strongly depends on the internal structure of stars, and especially
on the size of the surface convective zone. The prediction of the
minimum depletion of lithium, expected from stellar models in-
cluding atomic diffusion only, is then subject to the input physics
of the models (including opacity tables, equations of state, con-
vection theory, nuclear reaction rates, etc.). This is less the case
when other competing transport processes are taken into account
(see the comparison done in Fig. 4). In this context, it is diffi-
cult to provide a strong constrain on the minimum lithium de-
pletion expected from stellar models. As an example, for the in-
put physics considered in this paper, we find ∆min = [0.25; 0.40]
for models including atomic diffusion only. The only robust con-
clusion we can draw at this point is that ∆min > 0 in all models
including expected transport processes (i.e. at least atomic diffu-
sion).
Overall, we have shown that lithium surface abundances of
Population II stars, as well as the range of ∆ values determined
in Section 3, are well reproduced by models including atomic
diffusion, a nearly uniform rotation, and some amount of pene-
trative convection convection, even if our modelling of the lat-
ter and of the missing transport of angular momentum has been
somewhat simple. A more realistic modelling of these processes,
and a systematic study of the effect of the different input physics
(opacity tables, equation of states, convection theory, nuclear re-
action rates, etc.), are needed to drawn stronger conclusions, but
our work suffices to show that transport processes of chemical
elements in stars not only need to be considered when address-
ing the lithium problem, but also are very probable candidates to
solve it.
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Table 7. Sensitivity coefficients of BBN nuclide abundances on the free
parameters of our full phenomenological parametrisation, defined in Eq.
27 the main text.
Ci j D 3He 4He 7Li
xn,i +42.1 +1.30 -4.5 -166.5
yn,i +40.1 +2.00 -3.5 -150.7
zn,i +34.9 -90.0 +11.8 -202.6
ti +0.442 +0.141 +0.732 +0.438
vi +0.409 +0.136 +0.164 -0.277
wi -1.65 -0.567 +0.039 +2.08
Table 8. Constraints on ∆α/α for the Unification, Dilaton and Clocks
models (with the range of values within ∆χ2 = 1 of it, correspond-
ing to the 68.3% confidence level for a Gaussian posterior likelihood),
obtained from the Deuterium only and Deuterium plus Helium4 abun-
dances, and with the values of the other relevant parameters (neu-
tron lifetime, number of neutrinos and baryon-to-photon ratio) fixed or
marginalized as described in the main text.
Data Parameters Unification Dilaton Clocks
D only Fixed 5.8 ± 2.0 10.9 ± 3.8 2.3+2.1
−0.8
D only Marginalized 5.7 ± 2.7 11.3 ± 4.8 2.1+2.9
−0.9
D + He4 Fixed 5.8 ± 2.0 7.7 ± 3.4 2.2+2.4
−0.8
D + He4 Marginalized 5.7 ± 2.7 7.7 ± 4.3 2.1+2.7
−0.9
5. Varying fundamental constants and the
Deuterium discrepancy
Having previously identified the small discrepancy between the
baryon-to-photon ratios inferred from BBN and the CMB value
as the origin of the preference for a non-standard value of α,
here we assess the relative contributions of the helium-4 and deu-
terium data to this result.
To this end, we repeat the analysis both for the case where
only the deuterium abundance is used and for the case where
both deuterium and helium-4 are used. For each of these we
further consider two sub-cases, ether keeping the cosmological
parameters (i.e., the neutron lifetime, number of neutrinos and
baryon-to-photon ratio) fixed at their best-fit values introduced
in Sect. 2, or letting these parameters vary (with the previously
described priors) and then marginalizing them.
In the former case, the parameter space is summarized by
Eq. 19 and the relevant sensitivity coefficients are given in Table
3. In the latter case the parameter space is wider:
∆Yi
Yi













As previously mentioned, a variation of α itself impacts the neu-
tron lifetime; unlike in Sect. 3, here we explicitly separate this ef-
fect from the rest of the effects of the α variation. This means that
the α-related sensitivity coefficients will change, and we have
highlighted this point by adding the n subscript in the previously
defined sensitivity coefficients x, y and z. For completeness, all
these sensitivity coefficients are reproduced in Table 7.
The results of our analysis with the deuterium and helium-4
abundances are summarized in Figure 7 and Table 8; the latter
can be usefully compared with the Baseline and Null cases re-
ported in Table 5.
First and foremost, we confirm that the preference for
∆α/α > 0 is driven by the Deuterium results, and the top panels
of Figure 7 also makes it clear that this is due to the positive cor-
relation between ∆α/α and the baryon-to-photon ratio η, though
the strength of this correlation is model-dependent. Secondly, we
find that the Helium-4 abundance plays a relatively minor role,
though one that again depends on the assumed model.
Specifically, for the Unification and Clocks model, the re-
sults in Table 8 are fully consistent with the ones for the pre-
viously discussed Baseline and Null cases. The positive corre-
lation between ∆α/α and η is relatively mild, In these circum-
stances helium-4 does not noticeably affect the constraints on
∆α/α, while allowing the cosmological parameters to vary and
marginalizing them simply increases the statistical uncertainties,
and therefore decreases the significance of the ∆α/α > 0 prefer-
ence.
On the other hand, for the Dilaton model the results are
more sensitive to the assumptions underlying the analysis. On
the one hand, the stronger positive correlation between ∆α/α
and η means that whether or not η is allowed to vary has a mild
but discernible impact even in the case where only deuterium is
used in the analysis. On the other hand, the inclusion of helium-4
significantly lowers the preferred value of ∆α/α, the reason be-
ing that this model tends to overpredict the helium-4 abundance,
as can bee seen in Figure 3. Again, this shows the potential of
BBN as a precision test of these theoretical scenarios.
6. Conclusions
We have provided an updated analysis of BBN constraints in the
framework of a wide class of Grand Unified Theory scenarios
(Clara & Martins 2020; Martins 2021), in particular address-
ing the long-standing Lithium problem (Fields 2011; Mathews
et al. 2020) and the more recently noticed Deuterium discrep-
ancy (Pitrou et al. 2021). For the former we have highlighted
and quantified the astrophysical mechanisms that can provide a
solution, while for the latter we have identified a possible hint
of new physics, specifically a mild (two to three standard devi-
ations) preference for ∆α/α > 0, at the parts per million level.
Such variations would be consistent with all other current α con-
straints (Martins 2017).
We note that the Deuterium discrepancy identified by Pitrou
et al. (2021) is not found by other authors (Yeh et al. 2021;
Pisanti et al. 2021), who rely on different reaction rates. From a
statistical point of view, the main difference is that the uncertain-
ties in the theoretical abundances obtained by Pitrou et al. (2021)
are smaller than those of other analyses, although there are also
small differences in the preferred values of these abundances.
While we have not repeated our analysis with these different re-
action rates (and the corresponding theoretical abundances in-
ferred from them) we would expect that the propagation of the
larger uncertainties on the theoretical side would lead to larger
uncertainties on the fine-structure constant measurements, re-
ducing the statistical significance of the preference for a non-
standard value.
We have quantitatively determined the amount a lithium de-
pletion needed to solve the lithium problem and searched for
depletion mechanisms occurring during the evolution of stars,
namely, the transport processes of chemical elements. We have
shown that taking into account, in stellar models, atomic diffu-
sion, rotational-induced mixing and some amount of penetrative
convection (consistent with the amount determined from solar
observation, Christensen-Dalsgaard et al. 2011), allows us to re-
produce the lithium surface abundances of Population II stars.
More realistic modelling of some of the processes (especially the
penetrative convection, and the missing transport of angular mo-
mentum) are required to draw a more robust conclusion, but this
work shows the necessity of including the stellar contribution to
the lithium problem. Transport processes of chemical elements
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Fig. 7. BBN constraints on the fine-structure constant and the baryon-to-photon ratio, with remaining parameters marginalized in each case. The
two-dimensional planes depict the 68.3, 95.4 and 99.7 percent confidence levels. Left side panels show the results for Deuterium only, and right
side panels show the results for Deuterium plus Helium4.
are most likely the dominant contribution to the solution to this
problem.
The stellar models were computed with the best fit value for
the initial primordial lithium abundance derived in this study, in
the context of the GUT scenarios under consideration, of approx-
imately (7Li/H)×1010 = 4.45. Considering stellar models with
a larger initial primordial lithium, as obtained in the standard
BBN model (i.e. (7Li/H)×1010 = 5.46) would not strongly im-
pact our conclusions. This difference would only lead to the need
of a slightly larger amount of penetrative convection to explain
the extra depletion. This also shows that from the stellar physics
point of view, the accuracy of the primordial lithium abundance
is crucial to constrain the transport of chemical elements in metal
poor stars.
It is worthy of note that currently there are only two primor-
dial (cosmological) abundances that are well known, those of
Deuterium and Helium-4. It is therefore highly desirable to close
the loop through a cosmological measurement of the Helium-
3 abundance, especially given the anticorrelation between the
helium-4 and helium-3 abundances. This would enable a key
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consistency test of the underlying physics, which will be par-
ticularly crucial should evidence for new physics be confirmed.
Our analysis highlights the role of BBN as consistency test
of the standard cosmological paradigm, and as a sensitive probe
of new physics. For the broad phenomenological but physically
motivated class of models we have considered, improving the
observed abundances of Deuterium and Helium-4 by a factor of
2-3 will provide a stringent test, and in particular will defini-
tively confirm or rule out the present tentative evidence for the α
variation. This is a highly compelling science case for the forth-
coming Extremely Large Telescope (Liske et al. 2014; Marconi
et al. 2020), provided it has an efficient blue wavelength cover-
age.
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